Background
HIV-1 remains a significant global health challenge, with approximately 38 million people infected worldwide [1] . HIV-1 demonstrates a broad diversity of subtypes and recombinant forms. Subtype C HIV-1 (C-HIV) is globally the most prevalent subtype, with 46% of global infections and is predominant in Southern Africa, India and Ethiopia. It is interesting that one subtype rose to global predominance while being the dominant subtype in only a few geographical locations. Perhaps this subtype has evolved to be more virulent than other strains? Such an advantage could involve a multitude of factors, including genetic differences between virus subtypes and withinhost populations. However, the mechanisms that may permit such an advantage for C-HIV viruses to propagate within a given population are poorly understood. Alternatively, the high prevalence of C-HIV could also be a result of random introduction into high-risk populations during times of complex socio-political change, particularly in regions of Southern Africa [2] . This review discusses the mechanisms of pathogenesis, including replication efficiency, disease progression, and transmission efficiency to understand how C-HIV expanded faster than other subtypes, particularly within Sub-Saharan Africa.
HIV strains
HIV-1 viruses are categorised into four groups: Main (M), Outlier (O), Non-M (N) and group P viruses [3] , each originating from an independent cross-species transmission event between non-human primates (NHPs) and humans [3] . Group M viruses are further sub-categorised into ten distinct subtypes (A, B, C, D, F, G, H, I, J and K) and numerous circulating recombinant forms (CRFs) [4, 5] . Inter-subtype sequence diversity ranges between 20 and 35% depending on the subtypes and genetic regions examined [6, 7] . C-HIV demonstrates a disproportionately high prevalence, comprising four-fold more infections than any other subtype [8] . C-HIV is mostly confined to the low-income regions of India, Ethiopia and Southern Africa (Fig. 1 ), although the prevalence of C-HIV is increasing in Eastern Europe and Eastern Africa [8] . South Africa, in particular, bears the brunt of the HIV-1 epidemic, where approximately 20% of adults are living with HIV-1 1 , and more than 98% of infections are caused by C-HIV [8] . Despite this, the majority of HIV-1 research has focused on subtype B (B-HIV), which constitutes only 12% of infections and is prevalent in Western and Central Europe, Latin and North America and Oceania ( Fig. 1 ) [8] .
Origin of subtype C HIV-1
Phylogenetic data places the origin of Group M HIV-1 in Kinshasa in the Democratic Republic of Congo (DRC) between 1909 and 1930 [9] . From here, group M strains have spread heterogeneously around the world [8] . Phylogenetic data suggests the origin of C-HIV was in Mbuji-Mayi, a diamond mining city in Southern DRC in the 1950s [10] . At the time, Mbuji-Mayi had an influx of immigrants from Lubumbashi and neighbouring countries primarily to work in the mines [10] . Such areas of economic growth were high-risk areas for HIV-1 transmission. From here, ancestral C-HIV strains were carried south to the city of Lubumbashi in the 1960s, which is proximal to the DRC-Zambia border. Ancestral C-HIV strains were introduced into Zimbabwe, Ethiopia, Kenya, Tanzania and Uganda by the 1970s, most likely through migration of mineworkers returning from the DRC [10] [11] [12] . Phylogenetic data suggest that multiple introductions of C-HIV into South Africa occurred from neighbouring countries Botswana, Malawi, Mozambique, Tanzania, Zambia and Zimbabwe between the 1980s and 1990s [13] . These introductions coincided with a period of complex socio-political change within South Africa (1985À2000) that lead to increased migration into and within South Africa, increased trade between neighbouring countries, and increased fertility rates, which facilitated the exponential growth of C-HIV infections during the 80 s and 90 s [13] . Overall, these studies suggest that the socio-demographic climate of Southern Africa between the 60 s and 90 s likely influenced the rapid expansion C-HIV in the region.
Does subtype C HIV-1 have a replication advantage?
Given that C-HIV is four-fold more prevalent than any other subtype, it is plausible that C-HIV viruses demonstrate improved replication fitness. Early studies assessed in vitro virus replication capacity by coinfection of susceptible cells with two viral isolates from diverse subtypes (termed a dual-competition assay) [14À17]. These studies found that C-HIV viruses were outcompeted by other subtypes (A, B and D) in CD4 + T cells, macrophages and activated PBMC cultures, suggesting C-HIV viruses may have reduced replicative fitness. Overall, these dual-competition assays suggest that C-HIV viruses may demonstrate a reduced replication capacity compared to other group M viruses and may facilitate a slower disease progression of C-HIV infections, which in turn may increase the opportunity for new transmission events. Moreover, researchers have speculated that reduced replication kinetics may increase the half-life of productively infected cells and that these productively infected cells, if transmitted in genital fluid, would increase transmission risk compared to free virions [18] .
Viral factors that may influence replication capacity
Viral factors intrinsically control virus replication capacity. Studies have found differential phenotypic properties between C-HIV isolates and other group M viruses in Env [16] , Gag [18] , the long-terminal repeat (LTR) region [19À21], reverse transcriptase (RT) [22] , Protease [18, 23] and Vif [24] . Marsozan et al. demonstrated that viruses that outcompete another in dual-competition assays mediate viral entry more efficiently [16] , suggesting subtype C viruses may be less efficient at entering target cells than other group M isolates [14] [15] [16] [17] . Consistent with this, Venner et al. found C-HIV Envs from untreated, viremic individuals demonstrated reduced rates of viral fusion compared to other subtypes [17] . Additionally, the Ndung'u laboratory found that NL4.3 recombinant viruses containing clinical subtype B gag-protease sequences (n = 803) demonstrated significantly greater replication capacity in GXR cells (a CD4 + T cell line containing an HIV-1 LTR-driven green fluorescent protein reporter), compared to viruses containing C-HIV gag-protease sequences (n = 406) [18] . Given that Gag codes for the nucleocapsid, capsid and matrix structural proteins, it is possible that C-HIV viruses demonstrate reduced rates of viral assembly compared to other subtypes. Furthermore, a separate study found that viruses carrying reverse transcriptase (RT) from C-HIV isolates, as well as chimeric viruses containing either the C-HIV RT polymerase domain, connection domain, and/or RNase H domain, had decreased levels of cDNA accumulation, reduced integration and lower levels of viral replication compared to B-HIV RTs [22] . Overall, these studies suggest that several genetic components of C-HIV viruses may contribute to the lower in vitro replicative fitness compared to other HIV-1 subtypes.
Differential mechanisms of transcriptional regulation may occur between diverse subtypes, which influence replication kinetics downstream. Studies have found subtype-specific differences in the LTR, including sequence alterations in the negative regulatory element (NRE) [20] , and differential activation in response to the cellular transcriptional activators Tat, Rel-p65 and NFAT [25] . C-HIV isolates also demonstrate an additional NF-kB site compared to subtypes A, B, D, F, G, and AE [19, 20, 26, 27] , which enhances LTR activity [20, 25] . Furthermore, C-HIV LTRs have similar or increased activity under basal conditions or post-Tat trans-activation compared to other subtypes [19, 20] . These studies suggest that C-HIV LTRs are either similar or more active than other subtypes. Overall, it may be that C-HIV viruses demonstrate similar levels of transcriptional activity while maintaining reduced replication fitness through dampened mechanisms of virulence (slower viral fusion, reduced rates of viral assembly, reduced RT efficiency).
Host genetic factors that may influence viral replication
Genetic variability within hosts can play a role in determining resistance or susceptibility to HIV-1 28 . Families of genes that can influence disease susceptibility or progression include: (i) genes coding for human leukocyte antigens (HLAs); (ii) genes coding for coreceptors CCR5 or CXCR4 and their ligands, and (iii) other genes involved in the immune response to HIV-1 (reviewed by Lama and Planelles [28] ).
The entry of HIV-1 into host cells requires engagement with the CD4 receptor as well as CCR5 or CXCR4 coreceptors. Viruses use CCR5 almost exclusively during the early stages of infection, and this usage is maintained throughout disease progression in 50% of PLWH [29À35]. Genetic differences in CCR5 variants between ethnicities may influence the efficiency of HIV-1 transmission between different populations. A 32-bp deletion within CCR5 (denoted as CCR5D32) produces a truncated protein that is not expressed on the cell surface and prevents viruses from engaging the host cell [36] . Individuals that are homozygous for this mutation are almost entirely resistant to infection, while some studies have shown that CCR5D32 heterozygotes may have a 2À4-year delay in disease progression to AIDS [37, 38] . This mutation is present in 15% of European Caucasians (1% are homozygous) and is rarely detected in African and Asian populations [36, 38] . Furthermore, a high prevalence of the CCR5 (À2459G>A) polymorphism that results in increased CCR5 expression was found to be present in 98% of adults in a study of 258 Papua New Guineans [39] , a country where HIV-1 prevalence is high (> 0.8% of adults are living with HIV-1), and the majority of infections are caused by C-HIV (> 90%) [40] . Although further studies are required, these studies suggest that CCR5 alleles found within different populations and ethnicities may influence susceptibility to HIV-1 infection.
HLA is the most polymorphic gene locus in the human genome and encodes for surface proteins that present foreign antigens to elicit immune responses [41] . Humans encode two classes of HLA genes (HLA class I and II), of which class I HLAs have been associated with the prediction of disease progression in PLWH [41] . The HLA class I locus contains three genes, HLA-A, HLA-B and HLA-C. Given the primary function of HLAs is to present foreign antigens to initiate T cell responses, individuals who are heterozygous in the HLA locus recognise a broader repertoire of antigens than homozygotes [41] . Indeed, HLA class I homozygosity has been linked to rapid disease progression to AIDS in Caucasian individuals from the USA and the Netherlands, African Americans, and Rwandan women [42, 43] . Several studies suggest that HLA alleles can differentially affect disease outcome in different HIV-1 subtypes. For instance, Kawashima et al. found that HLA-B*51:01 was protective against B-HIV during the early years of the epidemic [44] , while being associated with disease progression during C-HIV infection [45] . Other examples include HLA-B*35:01 and HLA-B*07:02, which are associated with rapid disease progression in B-HIV infection but do not confer susceptibility to C-HIV infection [46, 47] . Likewise, HLA-B*58:01 and HLA-B*58:02 are protective and disease-susceptible alleles respectively in C-HIV infection but have no known effects on B-HIV infection [42, 45] . Overall, disease progression and susceptibility of different viral subtypes may be influenced by different HLA class I alleles. Future studies should focus on elucidating the frequencies of different HLA alleles that are known to be protective within populations that bear the brunt of the HIV-1 epidemic and how these may influence HIV-1 acquisition.
Does subtype C have a slower disease progression?
Differences in disease progression and transmission efficiency may have influenced the expansion of C-HIV infections within lowsociodemographic regions. Comparison of disease progression characteristics between subtypes remains challenging, mainly because C-HIV rarely cocirculates with other subtypes within the same geographical region (Fig 1) . For this reason, comparing inter-subtype disease progression often involves surveying two different populations. For instance, Amornkul et al. tracked clinical characteristics of 491 untreated individuals from Kenya, Rwanda, South Africa, Uganda and Zambia between 2006 and 2011 48 . The median duration of infection before enrolment was 54 days, with individuals followed for a median of 2.8 years. Viral subtype analysis found that C-HIV almost exclusively (> 97%) accounted for infections in South African and Zambian individuals, while subtypes A and D were prevalent in Kenya, Rwanda and Uganda. Following correction for age, HLA types, and sex, hazard ratio analysis found that individuals infected with subtypes C and D progressed to low CD4 + T cell counts (< 350 cells/ml) and AIDS endpoints (< 200 CD4 + T cells/ml, <14% CD4 + T cells or an AIDS-defining event) faster than subtype A infected individuals. One explanation for this, however, is that people living with (PLW) C-HIV also demonstrated higher baseline viral loads and lower baseline CD4 + T cell counts compared to those with subtype A. Furthermore, no significant difference was seen in CD4 + T cell decline over time in PLW C-HIV infected compared to those with subtype A HIV-1. A separate disease progression study of 246 untreated individuals from Brazil found that those infected with C-HIV had a faster progression to an AIDS endpoint (< 350 CD4 + T cells/ml or an AIDS-defining event) of 976 days compared to PLW B-HIV (1881 days), although this was not statistically significant due to low sample size for C-HIV infection [49] . Furthermore, plasma viral load and time individuals were infected was unknown in this study, which may have influenced disease progression to AIDS independent of subtype.
In contrast to these findings, Venner et al. longitudinally sampled 186 untreated women from Uganda (n = 112) and Zimbabwe (n = 174) for an average of five years (up to 9.5 years) [17] . Ugandan women were predominantly infected with subtype A (68%) and D strains (28%), while Zimbabwean women were infected with C-HIV exclusively. Here, no significant differences were seen between subtypes in plasma viral load at set point and during disease progression. Furthermore, the authors found that CD4 + T cell counts of PLW C-HIV declined 2.5-fold and 1.6-fold slower than those living with subtype D and A infections respectively. A large-scale analysis of 3364 seroconverters in the CASCADE collaboration found that PLW C-HIV had lower CD4 + T cell counts at seroconversion compared to subtype B [50] . Furthermore, PLW C-HIV demonstrated slower rates of CD4 + T cell loss compared to subtype B, although this did not reach statistical significance. Overall, it remains unclear whether C-HIV demonstrates differential rates of disease progression compared to other group M HIV-1 subtypes.
Does subtype C HIV-1 have a transmission advantage?
While C-HIV viruses seem to demonstrate reduced viral fitness in vitro, they may be transmitted with similar or higher efficiency compared to other HIV-1 strains. Limited large-scale studies have aimed to elucidate whether C-HIV has an improved transmission efficiency. Such epidemiological studies are logistically challenging, given that a large number of infected donor-recipient partners are required. One study of 317 untreated, HIV-1 infected pregnant Kenyan women found that vaginal secretions of those infected with C-HIV were 3-to 8-fold more likely to contain viral DNA compared to subtypes A and D viruses [51] , suggesting virus subtype may influence the degree of shedding of infected cells in the genital mucosa. However, the authors found no difference in mother-to-child transmissions between subtypes [51] . One limitation of this study was that it did not control for the mother's duration of infection, which may have influenced viral shedding. A more recent study of 622 serodiscordant couples from Eastern and Southern Africa assessed the risk of transmission between subtypes A, C and D strains [52] . Virus subtyping was achieved by sequencing segments of gag and env, with the authors finding no difference in transmission risk between subtypes. Furthermore, the authors analysed viral RNA within the endocervical fluid and seminal plasma and found no difference in the level of viral RNA present in these sites between individuals infected with C-HIV and non-C-HIV. Overall these transmission studies between linked donor-recipient pairs have not revealed a difference in transmission efficiency between C-HIV and other subtypes.
To assess transmission efficiency using a molecular approach, investigators have primarily focused on the phenotypic properties of transmitted/founder (T/F) viruses. T/F viruses are not directly isolated and sequenced from PLWH during primary infection because the time to virus detection (Fiebig stages) is days-to-weeks following primary infection [53] . Instead, they are inferred by prediction of the most recent common ancestor (MRCA) of multiple viral sequences during early infection using mathematical modelling [30] . Numerous studies have assessed differences in infectivity and virus transmission efficiency between T/F viruses and isolates from later stages of infection [31À33, 54, 55] . Two studies found that subtype B and C T/F infectious molecular clones (IMCs) demonstrated improved infectivity in TZM-bl cells compared to viruses isolated from chronic stages of disease in both subtypes [31, 54] , although these observations were not consistent in vitro CD4 + T cell infections [32, 33, 55] .
When comparing infection kinetics of T/F viruses from different subtypes, Parrish et al. found that subtype B T/F IMCs demonstrated greater infectivity in TZM-bl cells than C-HIV T/F IMCs, suggesting subtype B viruses may demonstrate improved transmissibility compared to C-HIV [31] . Additionally, Chikere et al. previously used Affinofile cells, which allow for controlled induction of cell surface CD4 and CCR5 expression levels, to test the infectivity of viruses pseudotyped with acute-stage subtype A, B, C and D Envs [29] . This study found that pseudoviruses containing Envs from acute C-HIV infected donors demonstrated reduced infectivity compared to subtypes A, B and D in Affinofile cells expressing high levels of CD4 and low levels of CCR5, which reflect the receptor profile of CD4 + T cells. Overall, previous studies do not suggest that C-HIV T/F viruses have a transmission advantage against other group M subtypes in CD4 + T cells.
While T/F viruses appear to maintain similar infectivity in CD4 + T cells across subtypes, transmission efficiency to a new host may also be influenced by virus uptake by mononuclear phagocytes, such as macrophages or dendritic cells (DCs). Langerhans cells (LCs) are a subset of DCs that are found in the genital mucosal tissue and have been implicated as the first cells to encounter HIV-1 following transmission to a new host [56] . LCs and other DC subsets mediate infection of CD4 + T cells through uptake and release of virions [57, 58] , termed trans infection, or through de novo infection and release of new virions to infect CD4 + T cells, termed cis infection [59] . Indeed, several studies have assessed whether C-HIV viruses demonstrate differential uptake by DC subsets during transmission to a new host. Ball et al. demonstrated that C-HIV viruses demonstrated similar replication kinetics to B-HIV isolates in skin-derived LCs despite being outcompeted in activated PBMCs [15] . Parrish et al. found that T/F virus uptake was more efficient than chronic viruses regardless of subtype and that B-HIV T/F viruses were captured by monocytederived DCs and subsequently transferred to CD4 + T cells in coculture experiments more efficiently than C-HIV T/F viruses [31] . Current findings suggest C-HIV T/F viruses are not transmitted more efficiently by DCs to CD4 + T cells, although the DC models used in these studies may not be entirely representative of those present in the mucosal tissue. Therefore, future studies should focus on the ability of C-HIV T/F viruses to mediate infection in lymphoid cells isolated from rectal and genital tissues [60, 61] . Overall, the studies presented do not suggest that C-HIV carries a transmission advantage over other group M subtypes.
Coreceptor switching in subtype C HIV-1
The vast majority of T/F viruses are exclusively CCR5-using, suggesting that transmission to a new host selects for CCR5-using viruses [29À34]. However, throughout a natural HIV-1 infection, coreceptor usage switches from CCR5 to CXCR4 in 50% of PLW B-HIV, which is associated with an accelerated disease progression to AIDS [35] . Why coreceptor switching occurs, particularly in only some individuals remains unclear. One explanation is that depletion of memory CD4 + T cells that coexpress CCR5 and CXCR4 may select for CXCR4-using strains, which would increase the range of target cells to increase naïve CD4 + T cell [62] . In contrast to B-HIV, studies of coreceptor switching in C-HIV have demonstrated a reduced prevalence of CXCR4-using variants in late disease stages and AIDS patients. Our laboratory longitudinally analysed coreceptor usage in untreated C-HIV infected subjects who progressed from chronic to late-stage disease and found 2/21 (9¢5%) of individuals developed CXCR4-using viruses [63] . Similarly, in a large cross-sectional study of untreated C-HIV infected Botswanan women with CD4 + T cell counts below 200 cells/mL, 22/148 (15%) developed CXCR4-using viruses [64] . Coreceptor switching in B-HIV infected individuals is associated with the presence of positively charged residues at V3 positions 11 and 25 and an increase in V3 loop net charge [63] . Moreover, studies have demonstrated that in addition to V3 loop alterations, C-HIV viruses also require extensive mutations within the V1/V2, along with additional compensatory mutations within the V4 and V5 loops to mediate a coreceptor switch [63, [65] [66] [67] . Thus, C-HIV viruses undergo coreceptor switching less frequently than other subtypes possibly due to the additional mutations required, which in turn may extend the window of opportunity for C-HIV transmission to new hosts through maintaining a CCR5-using state.
The proviral landscape of subtype C infection
In recent years, it has been well established that the majority of proviruses found in PLWH on suppressive ART contain defects (90%À95% for B-HIV) that block the production of infectious virus particles [68À70]. Such defects are a result of large internal, 5 0 end or 3 0 end deletions, sequence insertions or inversions, deletions of the packaging signal or major splice donor site, or hypermutation induced by APOBEC3G/F proteins [68À70]. The majority of these proviral deletions likely occur during minus-strand synthesis before the second strand transfer event of reverse transcription [71, 72] . The degree of defective versus intact proviruses within PLWH (referred to as proviral landscape) is assessed through a single genome amplification and sequencing approach using two rounds of near full-length PCR at limited dilution [68, 69] . In B-HIV studies, individuals with viremia during chronic infection have a proviral pool with 35% intact proviruses [69] . In contrast, individuals treated within 100 days of primary infection demonstrated a proviral pool containing 7% intact proviruses [69] . One difference in B-HIV proviral landscape between individuals treated in acute versus chronic infection is that those treated in acute infection demonstrated a higher proportion of hypermutations, which is likely a consequence of upregulation of APOBEC3F and APOBEC3G during acute infection [73] . Furthermore, a longitudinal study found that intact provirus numbers per million cells exponentially decayed over time in individuals treated during chronic infection [74] .
C-HIV might maintain a higher proportion of intact proviruses than B-HIV, which may also improve the chance of transmission to a new host. To date, only one study has assessed the proviral landscape in the context of C-HIV infection. The Lichterfeld laboratory assessed the proviral landscape of two South African female participants enrolled in Fiebig stage II and two in stage V [75] . Fiebig II participants demonstrated lower frequencies of intact proviruses per million cells (0.8À2.2 versus 3.4À31.1) and higher percentages of intact proviruses in the total HIV-1 DNA pool (82%À100% versus 15%À35%) compared to participants identified in Fiebig stage V, suggesting that defective proviruses accumulate with more rounds of viral replication. Participants were followed for up one year, with one from each Fiebig group initiated ART at the first sampling time point. Over one-year, all participants showed reductions in intact proviruses per million cells and percentage of intact proviruses regardless of their treatment status. One limitation of this study was the low sample size and sampling depth within each time point. Overall, this study suggests the proviral landscape of C-HIV infections does not differ from that of B-HIV. However, it is difficult to compare the proviral landscape in acute infection with C-HIV to studies of individuals treated during chronic infection with B-HIV. Future studies should aim to determine the proviral landscape of C-HIV in individuals who are viremic during chronic infection, treated during chronic infection and how the proviral landscape changes longitudinally over many years of ART in PLW C-HIV.
Conclusion
C-HIV remains the most prevalent HIV-1 strain globally, causing 46% of infections. An interesting question that stems from this epidemiologic data is whether this enriched prevalence of C-HIV is a result of viral adaptation to enhance viral transmission, or the random introduction of this subtype into high-risk groups led to a more rapid transmission between individuals. It remains unclear whether C-HIV infection leads to a faster progression to AIDS compared to other isolates with contrasting results presented in large scale studies [17, 48] . Early studies suggested that chronic C-HIV isolates were less fit for replication but maintained similar or enhanced transmission efficiencies compared to other subtypes [14À17]. However, studies of T/F viruses do not suggest C-HIV is more fit for transmission than other subtypes [15, 29, 31 ]. An important future consideration is to assess transmission and replication capacity in lymphoid cells found within genital and rectal tissues. Furthermore, limited studies do not suggest any meaningful differences in the proviral landscape of C-HIV viruses compared to other subtypes. Future studies should determine the dynamics of the C-HIV proviral landscape in viremic and treated individuals. Current evidence suggests that the rapid expansion of C-HIV was not a result of viral evolutionary factors but could be the result of the introduction into high-risk populations during a time of complex socio-political changes.
Outstanding questions

Do genetic variabilities within geographical regions or different ethnicities influence transmission of C-HIV in endemic regions?
Do C-HIV viruses demonstrate an improved transmission efficiency in cell types that reflect transmission sites, such as residential memory CD4 + T cells, tissue resident macrophages, CD11c + dendritic cells and Langerhans cells?
Is proviral landscape different between C-HIV infections and other subtypes in individuals that are viremic or virally suppressed and on ART?
Search strategy and selection criteria
This review includes data identified in searches of PubMed and references relevant articles using the search terms 'subtype C HIV', 'subtype C transmission', and 'subtype C replication'. Furthermore, we include epidemiological data published online by The Joint United Nations Programme on HIV/AIDS (UNAIDS). Articles published between 1996 and 2019 were included.
